Abstract -Formulas for the noise figure, and the minimum uoise figure of a multi-link distributed amplifier have been developed. In addition, a relatively simple approximation formula has been devised that predicts the minimum noise figure of a practicaf amplifier design with good accuracy np to frequencies of 9 GHz. Finafly, after the dependence of the noise characteristics on the circnit parameters is discussed, the noise figures of a 2-18-GHz three-link module are compnted and compared witfr those measured on an actuaf amplifier. The measured data across the 2-18-GHz band compare favorably with the computed results. Measurements and theory agree that onfy small improvements in noise figure may he achieved, when noise matching the module's input impedance.
II.
NOISE PARAMETERS AND NOISE FIGURE

A. Elementary Amplifier
The formulas derived in this paper contain the noise generated by the active devices and the thermal noise agitation injected by the terminations of both idle ports. The part that may be contributed by lossy transmission line elements or lossy inductors, as well as capacitors, is considered to be comparatively small and has therefore been neglected.
The circuit diagram of a practical three-link distributed amplifier is shown in Fig. 1 [2] . The linking components between the transistors of this particular network are composed of transmission line elements of equal electrical lengths in both the gate and the drain line (d~l + d~z = 8DI).
For the analysis of an amplifier such as that of Fig. 1 , it is convenient to divide the module into functional blocks such as the input matching circuit, the elementary amplifiers and, if necessary, the output matching network. Hence, Fig. 2 shows the k th elementary amplifier as it will be used in the analysis of the unit's noise parameters. It incorporates the active device which is located between the gate and the drain line and described by a II-shaped equivalent circuit. The MESFET'S noise sources are characterized by the voltage U1 and the current il at the input terminal of the transistor. The input and output links of the drain and gate line may either consist of transmission line or lumped circuit elements. For reasons of simplifying the mathematical problem, it is convenient to combine both input and output links to a single input and a single output four-port and apply the concept of cascaded four-ports to the MESFET'S and shunt elements as well. All circuit elements 0018-9480/83/0800-0661 $01.00 01983 IEEE --
2. Equivalent circuit of the k th elementary amplifier, including the noise sources UI and j of the active device. as they are typically employed in a distributed amplifier can be represented by one of the four-ports shown in Fig.  3 : It should be noted that the matrix for the building block of Fig. 3 
3!% ---
v _~, G, _~+ uD, _~3G, _~(2b) I Dk , Gk = I'Dk, Gk + 'Dk, Gk (2C)
Substituting (2) into (la) results in two matrix equations, one for the signal and one for the noise parameters. The former has been treated elsewhere [2] and is of no further concern in this paper. The noise behavior of a single link is then accurately -d&cribed by Up to this point it was convenient to treat the problem with the technique of cascading four-ports.
However, since the noise parameters responsible for the amplifier's noise figure can now be determined with (6) we abandon the four-port representation.
Aside from the noise input power, the computation of the amplifier's noise figure only requires the knowledge of the noise output power. We therefore need to extract the noise voltage VD. from (6) which can be expressed by the two-port equation
Its elements Ki, depend on Dij and Eij of (4) 
In order to determine its magnitude, we now make the valid assumption that no correlation between any noise voltages or noise currents exist except for the voltage V1 and the current il of the same active device. It is usually expressed in terms of the correlation admittance YCO, [5] il = in + YCOrvl (9) where i. represents that part of the current il that is not correlated with V1. By substituting (9) into (7) we are in a position to express the amplifier's noise output voltage in terms of parameters that are not correlated with each other.
Taking into consideration that noise correlation exists only between sources of the same active device, we obtain with (8) and (10) Replacing the voltages and currents of (11) 
we are now ready to formulate the noise figure Since the method is straightforward, it is not reported here.
While the formula (15) of the noise figure is based on the noise output power (12), it may as well be derived by transforming all noise sources in accordance with the equivalent circuit of Fig. 4(b) to the amplifier's input. Such a transformation leads to the direct formulation of the noise parameters R;, G:, and YI CO,which in turn can be used to calculate the noise figure F and the minimum noise figure F~l~. In pursuing this method we found the results to be in total agreement with those of the "output power method" proving its validity when applied to four-ports. Both approaches lead to identical results and neither seems to have advantages over the other regarding the computer programming.
2 
A. Cascading of Identical Links
Let us first study the case of an amplifier that consists of identical elementary blocks (Fig. 5) cascaded to a multi-link chain and terminated with R~and R~at the idle ports. The curves of the minimum noise figure clearly demonstrate the influence of the number of elementary amplifiers at lower frequencies.
However, at frequencies above 13
GHz, the minimum noise figure does not experience any improvement by cascading additional blocks. To the contrary, the parasitic of the MESFET'S cause a deterioration of the overall noise performance.
Similar characteristics are exhibited in Fig. 7 when replacing the lumped elements by transmission line elements for CD= O in accordance with Fig. 5(b) . While for this case the minimum noise figure shows slightly higher values at low frequencies, it is appreciably lower at the high frequency end of the band. The dependency of the noise characteristics and the small-signal gain on the inductance L/2 are displayed in Fig. 8 for a three-link module. The curves of the noise figure and gain include the case of our low frequency model for which we chose L = O. They demonstrate that in this particular example (18) The amplifier's computed, noise parameters R., G., and YCOrare plotted in Fig. 10 which also contains the noise parameters of the MESFET.
As expected, at low frequencies, we are essentially paralleling the noise resistances R, of the three transistors, while the noise conductance G. is mainly dependent on the resistance R~of the gate line's termination.
Similarly, GCOrdepends almost entirely on Rã t low frequencies. It is also apparent from these curves that the noise parameters of the amplifier are confined to a much narrower range than those of the transistor, suggesting much less variation of the amplifier's minimum noise figure versus frequency. This is easily discernible when comparing the optimum noise figures of the three-link Fig. 11 . Noise figures and small signal gains of the three-link equaf line lengths amplifier ( Fig. 1 and Table I ). deice ( Fig. 11) with those of the MESFET (Fig. 6 ). As evidenced by the curves in Fig. 11 , there is ,little difference between the minimum noise figure and the noise figure as computed for a 50-fl system. The same is true for the maximum available gain and the insertion gain measured when operating between a 50-fil source and a 50-!2 load. The former can be easily verified in an experiment designed to improve the unit's noise figure by means of noise matching. As a matter of fact, it was the result of such an experiment that aroused our curiosity and prompted the investigation reported in this paper. For the designer, it is of interest to know the extent to which the terminations of the idle ports are contributing to the overall noise figure.
For this reason we have computed the noise figure of the amplifer incorporating ideal MESFET'S, i.e., for devices that are totally noiseless. As demonstrated by Fi~ed in Fig.   11 , the influence of mainly R~on the amplifier's noise figure at low frequencies is significant. The curve explains why tfie unit's noise figure at low frequencies is so much higher than that of the individual transistor. Finally, a comparison of the optimum noise figures as computed with the exact formula (15) and the approximation formula (18) demonstrates the validity of (18) at frequencies up to 9
GHz for this design (Fig. 11) .
IV. EXPERIMENTAL VERIFICATION
In order to support the theoretical results, a three-link amplifier module was constructed and its noise figure measured. The topology of this unit is identical to that of figures' dependence on the circuit parameters was studied.
As a result, it was found that improving the noise figure by altering individual circuit parameters compromises the gain performance of the amplifier whenever ultra-broad-band performance is desired. Due to the complexity of the accurate formulas, an attempt was made to generate approximation formulas designed to replace the accurate noise figure expressions under low frequency conditions. These formulas predict the noise figure of a practical amplifier design up to 9 GHz with good accuracy and, most important, contribute to the understanding of the noise phenomenon at lower frequencies.
Even though the accuracy in our measurements of the device's optimum noise figure leading to the equivalent noise parameters is fair, the agreement between measured and computed data was very encouraging. Finally, our initial measurements indicating little difference between the noise figure and the minimum noise figure of a practical three-link amplifier design were theoretically supported by the computed results.
APPENDIX THE ELEMENTS OF [K]
The noise voltages at the four terminals of the multi-link amplifier are expressed by (6) as functions of the active devices' noise parameters UI and il, the noise cw-rents generated by the idle ports' terminations i~= and iDT, as IEEE TRANSACTIONS ON MICROWAVE THEORY AND TECHNIQUES, VOL. MTT-31, NO. 8, AUGUST 1983 well as the noise current of the source impedance i,. 
